ABSTRACT Microviscosity (ij) of the cell membrane lipid layer was determined in synchronized C1300 mouse neuroblastoma cells (clone Neuro-2A) by fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene. Measurements were performed directly with cells in situ on a glass substratum. The determined v value was maximal in mitosis, decreased markedly in the GI phase, remained constant at a low level during the S phase, and increased a ain during the G2 phase. These findings imply a direct role ofthe cell membrane fluidity in regulation of the cell cycle. Accumulated evidence has implicated the cell surface as a primary site for the control of the cell cycle, differentiation, and transformation (1-3). A variety of cell membrane propertiessuch as the expression of receptor sites and antigens, transport processes, electrical properties, enzymic activities, and morphology-are implemented in the cell-cycle events. It has been suggested that at least some of the observed changes during the cell cycle are due to the sequential insertion of new membrane components (3).
ABSTRACT Microviscosity (ij) of the cell membrane lipid layer was determined in synchronized C1300 mouse neuroblastoma cells (clone Neuro-2A) by fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene. Measurements were performed directly with cells in situ on a glass substratum. The determined v value was maximal in mitosis, decreased markedly in the GI phase, remained constant at a low level during the S phase, and increased a ain during the G2 phase. These findings imply a direct role ofthe cell membrane fluidity in regulation of the cell cycle. Accumulated evidence has implicated the cell surface as a primary site for the control of the cell cycle, differentiation, and transformation (1) (2) (3) . A variety of cell membrane propertiessuch as the expression of receptor sites and antigens, transport processes, electrical properties, enzymic activities, and morphology-are implemented in the cell-cycle events. It has been suggested that at least some of the observed changes during the cell cycle are due to the sequential insertion of new membrane components (3) .
The fluidity of the lipid matrix is probably one of the most important factors that regulate the dynamic features of the cell membrane, in particular the lipid-protein interactions. It not only controls the lateral and rotational mobility of membrane proteins (4) , but also modulates their degree of exposure (5) . In addition, membrane-associated microtubules and microfilaments might exert similar influences (6) . Furthermore , it has been demonstrated that membrane-bound enzymes require and select out a specific lipid annulus to become functional. Examples of such enzymes are (Na+,K+)-ATPase (7, 8) and adenylate cyclase (9) , both of which are supposed to be involved in growth control (10, 11) . Fluorescence polarization measurements, using 1,6-diphenyl-1,3,5-hexatriene as a lipid probe, have shown significant differences in microviscosity between normal and transformed cells (12, 13) , suggesting that the microviscosity of the membrane lipid layer is involved in the regulatory mechanisms of cell proliferation. This suggestion implies that the microviscosity of the cell membrane lipid layer is modulated during the cell cycle.
In the present study we show that the microviscosity, as measured by DPH [2] in which rO and r are the limiting and measured fluorescence anisotropies, T is the absolute temperature, and r is the excited state lifetime, which was calculated from a second-order polynomial regression line of the dependence of F on temperature (15) . C(r) is a molecular shape parameter having a precalibrated value for each value of r. From the determined r, T, and r values and the corresponding C(r) the microviscosity was derived. The temperature dependence of v was expressed as log v versus l/T. A linear regression analysis was made to determine the flow activation energy, AE, and to detect possible phase transitions (15, 16) . All computations and plots were made with a Wang 2200-B system (Wang Laboratories, Tewksbury, MA).
Fluorescence Microscopy. A Zeiss Universal microscope was used for fluorescence microscopy. Fluorescence micrographs of DPH-labeled cells were taken with epi-illumination at 365 nm and emission above 410 nm. To overcome the rapid bleaching of DPH-labeled cells, micrographs were taken with a highly sensitive recording film (Kodak 2475), which was specially processed to increase its sensitivity to about 50 DIN.
RESULTS
The Neuro-2A cells were chosen for this study because they can be easily synchronized without the use of metabolic or mitotic inhibitors. The mitotic shake-off method, under the employed Cell Biology: de Laat et al. 4460 Cell Biology: de Laat et al. conditions, resulted in a high degree of synchronization. The yield of mitotic cells per shake-off was 2-4% of the total cell number. Fig. 2 illustrates the degree of synchronization, as determined by [3H]thymidine incorporation and time-lapse cinematography. The mean duration of the cell cycle was 9.5 hr in the synchronized cultures, which was not significantly different from that observed in the exponentially growing cultures. The duration of the S phase was about 6 hr. while the GI and G2 phases lasted about 1.5 hr and 1 hr, respectively.
Labeling of intact cells with fluorescent hydrocarbons like DPH or perylene may be only initially confined to the cell surface membrane. To check for any possible contribution of DPH incorporated into intracellular compartments, the fluorescence anisotropy and the total fluorescence intensity were determined simultaneously during the labeling period. Fig. 3 gives an example of such a measurement. No significant alterations in the r value were observed during the uptake of DPH, indicating that DPH is uniformly dissolved into one fluid compartment. Taking into account that the plasma membrane is the first compartment DPH molecules encounter during their uptake, the contribution of intracellular DPH was thus assumed to be negligible. Furthermore, in the fluorescence microscope, DPH-labeled neuroblastoma cells (Fig. 4) displayed an evenly glowing periphery with minor intracellular fluorescence, in contrast to reported data on 3T3 cells (17) . To avoid possible alterations in cell membrane by detachment treatments, as with trypsin or EDTA, we have developed a simple method by which fluorescence polarization can be measured with the cells attached to a thin glass substratum (see Fig. 1 ). Table 1 shows the differences in microviscosity obtained for cells attached to substratum and for cells in suspension, after trypsin or EDTA treatment. Clearly, the latter treatments both lead to an overall increase in microviscosity, trypsin to a larger extent than EDTA.
Four independent synchronization experiments were carried out in triplicate for each time. The determined microviscosity parameters of the synchronized cells are summarized in Figs. 5 and 6, and Table 2 . As stated before, the measurements were made on cells attached to a glass substratum, with the exception of the first point (t = 0 hr) in Fig. 5 . These mitotic cells were measured in suspension, immediately after shake-off, because the reattachment period lasted about 15 min. As shown, the microviscosity appears to be maximal during mitosis, and at the GI phase it decreases rapidly, reaching about a half-maximal value at the onset of DNA synthesis. The microviscosity remained constant at this low level during the S phase and increased again during the G2 phase. The determined X value always reached a lower maximum during the second mitosis as compared to the first (Fig. 5) . This was presumably due to partial loss of synchrony with time (see Fig. 2 ), because the first cells started to divide again at 8 hr after the shake-off, but all cells were divided only after 11 hr. Consequently, at any time between 8 and 11 hr after shake-off only a fraction of the cells were in mitosis and the apparent microviscosity had an intermediate value between the maximum of mitotic cells and the minimum of S-phase cells. Plots of log I versus 1/T for cells in different phases of the cell cycle gave linear relations (see After 30-min labeling, when fluorescence measurements were made, the intracellular fluorescence was largely missing. However, the overall fluorescence was too weak to be photographed. Table 2 .
DISCUSSION
The microviscosity of the cell membrane lipid layer varies by a factor of two during the cell cycle of neuroblastoma cells. It is maximal in mitosis, minimal during the S phase, and shows a rapid decrease and increase in the Gi and G2 phase, respectively. This confirms earlier suggestions that the cell membrane of mitotic cells is more rigid than that of interphase cells (18, 19) . Previously, differences in microviscosity have been associated with growth characteristics. Resting lymphocytes were found to have a higher microviscosity than proliferating lymphoblasts (20) and lymphoma cells (12) , while normal 3T3 cells showed a lower microviscosity than virus-transformed 3T3 cells (13) . In view of the described cell cycle dependency of the microviscosity, these differences, as measured in nonsynchronized cell populations, could at least partially be a reflection of differences in the relative distribution of the cells through the cell cycle.
It seems likely that the rate of lipid insertion into the cell surface is maximal during mitosis and the GI phase; for references see ref. 3 . Accordingly, our results indicate a rapid alteration of the lipid composition of the cell membrane during the Gi phase (16) . An excess insertion of lipids during this phase could also explain the described surface bleb formation (21) and decrease in the density of intramembranous particles in the GI phase (22) .
A great number of publications have led to the conclusion that surface antigens and (lectin-) receptor sites exhibit their lowest degree of expression or accessibility during the S phase; for references see ref 3 . In view of the reported relationship between the microviscosity and the displacements of proteins perpendicular to the plane of the membrane (5), the possibility should be considered that the variation during the cell cycle of the expression of membrane receptor sites originates from alterations in the fluidity of the membrane lipid layer, as described here.
Cyclic nucleotide metabolism (23) and ion metabolism (24) have been inferred to be involved in growth regulation. In both cases the activities of membrane-bound enzymes, i.e., adenylate cyclase and (Na+, K+)-ATPase have been shown to be dependent on the membrane lipid composition and fluidity (7) (8) (9) . Assuming that the observed correlation of the cell cycle with membrane microviscosity is a general phenomenon, it can be speculated that the membrane exerts its influence on the regulation of the cell cycle by modulating the activities of such. enzymes through changes in the lipid fluidity.
